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ABSTRACT 

One of the problems of the acoustic emission (AE) testing method is the parametric uncertainty of defect models. In this 
work , an empirical model of a fatigue crack is considered , which allows establishing quantitative relations between the 
parameters of a fatigue crack and AE data. The ambiguity in the interpretation of AE data is explained by the 
inhomogeneous stress-strain state of the material. 
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1. INTRODUCTION 

Acoustic emission (AE) is a physical phenomenon associated with the emission of elastic waves by an object under 
test during nonlinear transformations of its structure. AE sources are dynamic processes associated with damaging 
of the solid structure at the micro, meso- and macro- levels. 

AE sources at the micro level are dislocation movements. It has been experimentally and theoretically 
shown that AE is not a process associated with a single elementary dislocation act [1], but is determined by a 
collective process in which at least 10 3 dislocations participate. Most likely, the process of emission of an acoustic 
signal occurs when the dislocation ensemble reaches the external surface of the crystal [2-4]. A large number of 
works published both in Russia [5-8] and in foreign publications [9-11] are devoted to the study of AE depending 
on the stage of plastic deformation. In these works, it is noted that the activity of AE coincides with the density of 
mobile dislocations during plastic deformation. 

During deformation at the mesoscale, there is a similarity between the cumulative distributions of 
microcrack parameters and the parameters of AE impulse distributions. It was shown in [12] that at the initial stages 
of specimen deformation, the cumulative distribution of microcrack lengths and the distribution of AE impulse 
amplitudes correspond to an exponential law. The consistency of the distributions of microcrack lengths with the 
distributions of AE impulse parameters has been noted by many researchers; it was shown in [13] that the amplitude 
of the AE impulse is related to the size of the microcrack. 

In the case of a crack, AE sources are the processes of plastic deformation at the tip of the crack and local 
discontinuities, due to which the formation of the crack surface occurs. The most common model of a crack as an AE 
source is the model of H. Dunegan, which establishes a power-law relationship between the total number of AE 
impulses and crack length. The Palmer and Hild model, which allows one to relate the number of AE pulses with the 
applied mechanical stress o and crack length /, is also quite common. J. Holt and D. Godlart [3] proposed an AE model 
for a fatigue crack, based on which it is possible to determine the number of AE impulses emitted by a fatigue crack, 
depending on how much the load applied to the object exceeds the load applied at the stage of fatigue crack growing. 
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Models of AE sources are well studied theoretically and confirmed experimentally; however, all of them have a 
significant drawback - parametric uncertainty. The functional dependence between the parameters characterizing the 
damage to the material is established up to parameters that depend on the thickness of the material, on its mechanical 
properties, as well as on the properties of the local stress-strain state, which cannot be known a priori. It is the parametric 
uncertainty of the models of AE sources that often leads to unreliable results of AE testing. Classical source models do not 
allow to quantitatively estimating AE parameters, such as activity, impulse amplitude, and total AE count. 

Current paper considers empirical model of a fatigue crack in low-carbon steel 09G2S and quantitative values of 
AE parameters analysis. Correlation between the AE data and the dimensions and configuration of the plastic deformation 
zone at the crack tip is investigated. 

2. MATERIALS AND RESEARCH METHODS 

As the studied material, we chose the common structural low-carbon steel of pearlite class 09G2S. According to [14, 15] 
tanks, pipelines and vessels operating under pressure can be made of steel 09G2S. The chemical composition of steel is 
given in Table 1. 


Table 1: The Chemical Composition of Steel 09G2S, % 


c 

Si 

Mn 

Ni 

s 

P 

Cr 

N 

Cu 

As 

Fe 

< 0,12 

0 , 5 - 0,8 

1 , 3 - 1,7 

< 0,3 

< 0,04 

< 0,035 

< 0,3 

< 0,008 

< 0,3 

< 0,08 

~ 96-97 


Samples for mechanical tests were made of sheet metal with a thickness of 3 and 5 mm using laser cutting. For 
testing, a series of samples of a rectangular shape with an edge notch was produced. 

The thicknesses of the samples were 3 and 5 mm, and the width b - 50 mm. The size of the working zone L, 
based on the condition L>2b and taking into account the area of the grips, was chosen equal to 350 mm. The notch width 
was 4 mm, the opening angle (9 = 45 °, and the notch depth h - 10 mm. Additional changes were made to the sample 
geometry - 4 through holes with a diameter of 12 mm were added. Through holes are required to fix the damping pads, 
which reduce the level of acoustic noise generated by the loading machine (Figure 1). 



1- Damping Pads, 2 - Fixing Bolts, 3 - AE Sensors 


Figure 1: Samples for Mechanical Tests. 

The tests were carried out using an INSTRON 8801 servo-hydraulic testing machine (Figure 2). During the tests, 
the registration of acoustic signals was carried out using the INTERUNIS-IT industrial system A-Line 32D. The measuring 
path included the Global Testresonant sensors GT200 and the PAEF-014 electric signal pre-amplifiers with a gain of 26 
dB. The installation of the AE sensors on the surface of the object is carried out through the contact medium. AE sensors 
were fixed on the sample surface with insulating tape. According to the values of the maximum noise level and the 
recommendations in the regulatory document PB 03-593-03, the discrimination threshold for acoustic signals was chosen 
equal to 40 dB. 
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Figure 2: INSTRON 8801 Testing Machine during Cyclic 
Loading of a Sample with Applied AE Method. 

The tests were carried out according to a scheme consisting of two consecutive stages. At the first stage, a side-cut 
specimen was loaded with triangular zero - starting cycles (cycle asymmetry coefficient R = 0) with a frequency / = 5 Hz 
and a maximum cycle stress of o max = 210 MPa, which approximately corresponds to 70% of the yield strength g x = 305 
MPa of the investigated metal. The number of loading cycles was chosen in such a way that the fatigue crack developing 
under cyclic loading in the lateral notch region would reach a certain length. Then, the fatigue cracked specimen was 
loaded according to the scheme adopted during industrial AE control, in accordance with industrial safety rules PB-593-03 
[16], to a stress 25% higher than the stress o max at which the defect was grown. The loading scheme is shown in Figure 3 
(blue graph). 

Two triangular cycles at the beginning of loading are necessary to equalize the internal mechanical stresses that 
arose as a result of preliminary cycling of the samples and when placing them in a snap. Acoustic activity that occurs 
during preloading, as a rule, is not associated with the processes of destruction of the material, and is not taken into 
account. The main loading stage begins with two hundredths of a second and consists of four main stages - in the first, the 
load varies from 0 to 50% o max , in the second from 50 to 75% o max , in the third from 75 to 100% o max . The fourth stage is 
carried out with a stress excess of o max by 25%. In each experiment, the fatigue crack lengths are determined twice — 
before and after loading. 

In the process of loading, parametric information was recorded — the value of the loading force and the position 
of the active lower beam, the parameters of the AE impulses and the primary information — waveforms of the signals. The 
following is a typical example of AE data recorded during an experiment. Figure 3a shows the dependence of the total 
number of AE impulses on time and the parametric graph is the dependence of the loading force on time. 
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Figure 3: (a) Dependence of the Number of AE Pulses on Time (Black Graph), 

Dependence of the Loading Force on Time (Blue Graph) (b) Amplitude of AE Pulses 

Versus Time. 

In the preloading area, the acoustic activity of the defect is negligible. At the main loading stage, the accumulation 
of AE pulses occurs with increasing load, and with increasing load above 0.15P max , the dependence of the number of AE 
pulses on time has a pronounced power-law character. 

Figure 3b shows the time dependence of the AE pulses amplitudes. A typical range of amplitude values is from a 
threshold value to 65 dB. As the load increases, an increasing trend in the values of AE impulse amplitudes is observed. 
The group of pulses with high amplitudes from 70 to 100 dB, which was recorded at the third stage of loading, can be 
associated with the destruction of brittle non-metallic inclusions. 

When analyzing AE data, filtering by location results is used to reduce the influence of noise from loading device 
— only AE pulses whose arrival time difference corresponds to the location of the fatigue crack are analyzed. The result of 
the location of the defect is shown in Figure 4 - the histogram corresponds to the number of AE events emitted at a point 
with a specific coordinate. 
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Figure 4: Location Result of the Fatigue Crack. 


The maximum value in histogram is reached at the defect location point, and the spread of values along the 
abscissa axis of no more than 25 mm can be explained by the error in determining the difference in the arrival times of AE 
pulses, when AE sensors are placed closely. 

A total of 53 samples were tested, 20 with 5 mm thick, 33 with 3 mm thick. Fatigue cracks were grown in the 
samples, the lengths of which varied from 15.5 to 28 mm. The characteristics of fatigue cracks in obtained sample are 
shown in Table 2. 
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Table 2: Characteristics of Fatigue Cracks 



Crack Length, mm 

Number of Samples 

1 

froml5,4tol7,5 

14 

2 

froml7,5 tol9,0 

18 

3 

froml9,0 to25,0 

16 

4 

>25,0 

5 


3. DATA PROCESSING AND ANALYSIS 

3.1 The Study of the Dynamics of the AE Impulses Accumulation 

The number of pulses N emitted during loading of samples with fatigue cracks turned out to be different even for 
cracks of approximately equal length. Figure 5 shows the correlation plane for the crack length / and the number of emitted 
AE impulses. The randomness of the markers locations shows the absence of a correlation between these parameters. 
Considering that the parameter N is related to the volume of the plastic deformation zone at the crack tip, the scatter of this 
parameter can be explained by the difference in the volumes of plastic deformation for cracks with similar length. 



crack length, mm 


Figure 5: Correlation Plane for the Crack Length and the Number of Emitted AE Pulses. 


Of interest is the fact that, the statistical distribution of the parameter N reliably corresponds to the log-normal 
law. Table 3 shows the results of checking the % 2 agreement criterion on data compliance with a log-normal distribution. 
The value of p - 0.48 was about 10 times higher than the minimum level of confidence a = 0.05, which indicates a high 
reliability of the obtained results. 


Table 3: The Results of Checking the Compliance of N - Distribution to Log-Normal Law 


/ 2 Value 

p - Value 

Degrees of Freedom 

2,46 

0,48 

3 


Figure 6 shows the empirical and cumulative distribution of the number of impulses N. The histogram 
corresponds to the empirical distribution, the theoretical dependence for the log normal distribution is shown in red. 
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Figure 6: Differential (a) and Cumulative (b) Distribution of the Number of Impulses N. 


In fundamental works on AE, the relationship between the number of AE pulses N and the increment of the 
volume of the plastic deformation zone V p at the crack tip during loading of the material is proved: 

N = D-V p (3) 

It is noted that the proportionality coefficient D depends on the magnitude of the load, temperature, thickness of 
the sample and the micro structure of the material. 

From the theory of fracture mechanics, A. Griffiths's approach [17] to the process of the development of cracks in 
materials is known. According to the energy criterion proposed by him, for the propagation of a crack in a sufficiently 
brittle material, it is necessary to provide energy to its tip. Later, based on the ideas of Griffiths, the force criterion of J. 
Irwin and the concept of quasi-brittle fracture of E. Orovan and J. Irwin were formed, which became applicable to real 
metallic materials with some plasticity margin. An analysis of the Griffiths-Orovan-Irwin concept [18] suggests that a 
developed zone of plastic deformation is formed near the crack tip, the extent of which depends on the crack length and 
material properties and can reach up to 20% of its length. At the same time, in metallic materials, the process of crack 
development and the formation of a plastic deformation zone near its tipis also determined by the features of the real 
atomic-crystalline structure and micro structure of materials [19]. For the studied samples made of sheet steel 09G2S, the 
influence of these factors on the development of the plastic deformation zone and fracture is especially great. 

First of all, this is due to the two-phase ferrite-pearlite structure of steel. The steel structure is relatively fine¬ 
grained, with uneven micro structure along the sheet thickness - the metal micro structure near the surface is homogeneous, 
and the grain shape is close to equiaxial, while perlite grains elongated in the rolling direction are observed in the central 
part of the sheet. Obviously, such a metal structure, formed due to the peculiarities of the technology for producing a semi¬ 
finished product, can lead to an increase in the spread in the intensity of crack growth over time, as well as from sample to 
sample. In addition, metallographic studies revealed non-metallic inclusions of various types - large single inclusions were 
found, as well as sulfide inclusions elongated in the rolling direction and being stress concentrators, which significantly 
reduce the energy needed for nucleation of defects such as cracks. 

With insignificant differences in the size of the initial crack and the same loading parameters during the growth of 
the crack, the plastic deformation zones at the crack tip have different volumes, which is due to the peculiarities of the 
metal microstructure near the crack tip. Figure 7 shows microphotographs of crack tips obtained on the same samples 
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tested under the same loading conditions. Qualitatively, the volume of the plastic deformation zone can be estimated from 
microphotographs of the sample regions near the crack tip in various sections. 



at ^ / 

(c) (d) 


Figure 7: Cracks tips in Samples RB14 (a, b) and RB23 (c, d) a, c - near the Surface; b, 

d - a cut in Thickness of 0.25 mm. 

Obviously, for the samples studied, there is a difference in the nature of the zone of plastic deformation in the 
metal near the crack tip - the zones have different sizes and stress-strain state. When comparing the volume of the plastic 
deformation zone and the number of emitted AE impulses, a direct proportionality of these parameters was established. 
When testing samples for which, according to the results of metallographic studies, a larger volume of plastic deformation 
was established, a greater number of AE impulses were recorded. So, for example, 82 AE impulses were recorded for the 
RBI4 sample during the test cycle, 233 impulses were recorded for the RB23 sample, while the fatigue crack lengths in 
these samples were close to each other and equal to 18.15 and 18.26 mm, respectively. 

3.2 Analysis of the Dynamics of AE Impulses Accumulation 

As a result of the analysis of experimental data, it was found that the number of AE impulses N varies depending on the 
applied load according to a power law, which corresponds to the model of H. Dannegan [3] 

(4) 

Where, N is the number of AE impulses, P is the load value, a is a power index depending on stress and crack 

length. 

For cracks with a length of less than 16 mm, the characteristic value of the index a does not exceed 1. Figure 8a 
shows the dependences of the sum of impulses on the loading force for defects with 16 and 15.8 mm lengths in a sample 
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with thickness of 3 mm. They have a nonlinear power-law character with different indexes of power, from 0.8 to 1.1 in 
different loading areas. 



(a) (b) (c) 

Figure 8: Dependence of the Number of AE Impulses on the Load (a) - for Fatigue Cracks with a Length 
Less than 16 mm; (b)- for Fatigue Cracks with a Length from 16 to 20 mm; (c) - for Fatigue Cracks with a 

Length from 20 to 25 mm. 

For cracks of greater length, the dependence N(P) has a pronounced power-law character. For cracks with a length 
from 16 to 20 mm, the power-law index lies in the range from 2.5 to 4. Examples of such dependences are shown in Figure 
8b. Three power dependences correspond to cracks with length of 17.4, 18.9 and 19.8mm. For cracks more than 20 mm 
and less than 25 mm long, the power index a reaches 6-8 (Figure 8c). For specimens with critical fatigue cracks that broke 
under loading, the dependence N(P) changes its character and corresponds to an exponential law. 

The regression dependence of the power index a on the crack length is shown in Figure 9, the model can be 
written as (5) 

a = 0,36 1 - 3,83 (5) 



Figure 9: The Regression Dependence of the Power Index a on the Crack Length. 

Despite the high value of the correlation coefficient of the crack length and a parameters, there is a significant 
scatter in the a index values, which can be explained by the inhomogeneous microstructure of the material, as well as by 
the difference in the direction of propagation of cracks under loading. 

4. CONCLUSIONS 

AE empirical model of a fatigue crack in low-carbon steel 09G2S is presented in the work. As a result of mechanical tests 
of 53 samples with fatigue cracks under the control of the AE method, a representative sample of data was formed, which 
allows to correlate the AE parameters and the parameters of the fatigue defect. 
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It is shown in the work that the plastic deformation zones at the crack tip have different volumes, even for cracks 
close in length, which is due to the peculiarities of the metal micro structure near the crack tip. The number of AE impulses 
emitted by cracks is proportional to the volume of the plastic deformation zone at the crack tip. The number of AE 
impulses depending on the applied load varies according to a power law, and the power index correlates with the crack 
length. 
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